Abstract: Femoral head coverage achieved with an acetabular osteotomy for hip dysplasia is achieved by acetabular rotation that can be restricted by osteotomy orientation and soft tissue attachments to the acetabular fragment. Procedures that allow excess rotation or motion in an undesirable direction (especially external rotation) may have undesirable consequences. Rotational aspects of these procedures have not been well described and are not well appreciated radiographically. This study examined the angular motion related to three operative techniques for redirectional acetabular osteotomies. The freedom of motion allowed for the Ganz periacetabular, Carlioz triple, and Tonnis triple osteotomies was quantified using three-dimensional motion measurement. The Ganz osteotomy allowed the greatest amount of motion. The Carlioz osteotomy allowed statistically less motion and depicted the ''coupled motion'' phenomenon in which a maximal angular rotation in one plane (abduction) is associated with a predicted angular change in another plane (external rotation). The Tonnis osteotomy allowed freedom of motion similar to the Ganz osteotomy without coupled motion.
D
eformities of the hip joint in the adolescent and young adult (hip dysplasia, Perthes) are commonly treated with osteotomies that allow for greater contact and congruency between the acetabulum and the femoral head. The primary goal of these surgeries is to move the acetabular fragment anteriorly and laterally to address the problem of hip dysplasia and subluxation and normalize stresses on the articular cartilage of the hip joint. 3, 4, 11 The Ganz periacetabular osteotomy 5 enjoys widespread clinical use due to inherent stability associated with a partially intact posterior column (Fig. 1 ). This procedure is technically demanding, as it provides little to no visualization of the ischial osteotomy. Also, the Ganz osteotomy crosses the triradiate cartilage and cannot be used in skeletally immature patients. This fact makes the triple innominate osteotomy (TIO) the most common acetabular osteotomy choice in other children and adolescents.
A common triple osteotomy includes an ischial cut far from the acetabulum that may limit freedom of rotation. Alterations to TIO design have focused on making the cuts closer to the acetabulum, in attempts to increase acetabular fragment mobility. The Carlioz-type osteotomy is the standard TIO at our institution. The Carlioz triple employs an ischial cut just below the acetabulum (between the sacrospinous and sacrotuberous ligaments) 2 (Fig. 2) . While this maintains an intact pelvic floor, the surgery leaves the sacrospinous ligament attached to the acetabular fragment, restricting range of motion.
The Tonnis-type TIO was designed to avoid any major ligament attachment to the acetabular fragment, with the ischial cut performed obliquely and above both major ligaments, freeing the acetabular fragment for potentially greater motion. 12, 13 This is similar in philosophy to the Ganz procedure, which was specifically designed to avoid all major ligament attachments to the acetabular fragment, theoretically allowing great freedom of rotation.
Greater freedom of motion is thought to allow increased acetabular coverage of the femoral head. As a general philosophy, in most cases of hip dysplasia, surgeons attempt to increase femoral head coverage by moving the fragment 20 degrees anteriorly and 20 degrees laterally. This 20-20 rule is, of course, only a rough guideline, since contemporary preoperative diagnostic techniques (three-dimensional computed tomography) often allow more specific planning concerning the degree of correction in each plane. This rule may be evaluated using intraoperative radiography but ignores the complex motion of the fragment and the potential for external rotation, the biomechanical equivalent to acetabular retroversion. It is evident that two-dimensional radiographic data do not provide a clear description of the complex three-dimensional motion associated with the osteotomy fragment during different surgical procedures.
The purpose of this study was to compare three common types of acetabular osteotomies (Ganz, Carlioz, and Tonnis) to determine how each osteotomy design influences freedom of motion in flexion (anterior femoral head coverage), abduction (lateral femoral head coverage), and external rotation (acetabular retroversion) of the acetabular fragment.
MATERIALS AND METHODS
Eight fresh-frozen male cadavers (age 38 6 5.1 years) were dissected to expose the regions between L1 and the midshaft of each femur. All muscle tissue was removed while retaining intact hip joint capsules and both sacrospinous and sacrotuberous ligaments. Each specimen was examined for gross abnormalities or other factors that could have affected normal hip range of motion or stability. The femurs were rotated within the acetabulum to ensure that there were no arthritic conditions or abnormalities that would limit movement of the acetabular fragment on the femoral head.
The specimens were then prepared for movement data collection (Fig. 3) . Anatomic landmarks were chosen on the pelvis and in the area of the acetabular osteotomies to establish local coordinate systems. Sheet screws (6 3 1/2) were used to hold Velcro squares (1 3 1 cm) rigidly to the specimen. Ninemillimeter retro-reflective markers were then attached to the Velcro squares. Markers were placed on the pelvis on both posterior superior iliac spines and anterior superior iliac spines to establish a pelvic coordinate system, as is commonly used in gait analysis. 8 The x, y, and z-axes corresponded to the anterior-posterior, medial-lateral, and superior-inferior directions, respectively. Markers were also placed on what would become the acetabular fragment, with one marker on the iliopubic eminence lateral to the arcuate line and two markers on the ischial body, anterior to the posterior column of the ischium. With three markers on each potential fragment, local coordinate systems were generated. 1, 7 The origins for each fragment coordinate system were then embedded below the fragment surface to approximate the center of the femoral head. It was believed that once the acetabulum had been freed from the pelvis, its center of rotation would then become coincident with the center of the femoral head. Prior to the surgical procedures, three-dimensional positions for each marker were recorded at 60 Hz for 5 seconds using a Qualisys motion measurement system (Glastonbury, CT). The local coordinate system of each fragment was aligned with the x, y, and z orientation for the pelvic coordinate system. Once placed, the markers remained on the specimen during all subsequent testing and during the various surgical procedures to prevent changes in the relative coordinate systems.
The Ganz and Carlioz osteotomies were randomly assigned between right and left sides across specimens. External fixators (Orthofix Inc, Richardson, TX) were applied between the proximal femur and iliac wing on each side to prevent excessive motion of the hip joint center and to rigidly hold the specimen in three-dimensional space. The specimens were held in a stabilizing rig to simulate the typical 8 degrees of anterior tilt of the pelvis during gait or quiet standing. 8 The rig secured each femoral diaphysis in a rigid cup that was fixed to the base of the rig. This ensured that any calculated motion would be only that of the fragment.
Typical surgical osteotomes and instruments were used for each surgical procedure. The classic Ganz technique was used as described in his original paper. 5 Small variations to the triple osteotomy were used that involved slightly angled cuts through the ilium and pubis. On each side in which the Carlioz technique was tested, the sacrospinous ligament was left intact and attached to the ischial spine on the acetabular fragment. A Schanz-type screw was then placed inferior to the anterior superior iliac spine (as is done surgically) to generate fragment rotation.
In an attempt to ascertain the maximum allowable rotation afforded by each operation, the orthopaedic surgeon rotated the fragment in separate trials of flexion (anterior femoral head coverage), abduction (lateral femoral head coverage), and external rotation (acetabular retroversion). By testing each direction separately, the maximum freedom of motion was achieved; this also allowed evaluation of what other motions were present when the surgeon attempted to achieve femoral head coverage. In the surgical setting, other anatomy such as the iliopsoas and pubic/ischial periosteum may restrict the motion of the acetabular fragment, but this could not be replicated in the benchtop setting.
Movement data was then collected for 20 seconds at 60 Hz for trials of flexion, abduction, and external rotation for each procedure. All rotations were calculated relative to the pelvic coordinate system using customized software to calculate Cardan angles. 7 For abduction and external rotation of each fragment, sign inversions were assigned to allow for direct comparisons between left and right sides. While the data collection was being performed for each side, care was taken to ensure that the sacrospinous and sacrotuberous ligaments remained moist and viable.
Once the data collection was completed for the Carlioz side, the sacrospinous was detached by removing the ischial spine from the fragment to simulate the Tonnis technique. This simulation was deemed appropriate since it freed the fragment from ligamentous restrictions and included an osteotomy through a relatively similar ischial location. The differences in Carlioz and Tonnis techniques would then allow for evaluation of restrictions of motion due to the sacrospinous ligament. Data for 20 seconds at 60 Hz were then collected again for each of the component motions (flexion/abduction/external rotation). The sacrotuberous ligament remained intact for all tests.
All data were then processed generating flexion (anterior femoral head coverage), abduction (lateral femoral head coverage), and external rotation (acetabular retroversion) curves for all tests in each surgical condition. During each trial, the surgeon attempted to achieve maximal rotation five times, from which the last three trials were used for analysis. The maximum rotation value was recorded from each curve. The corresponding values for the other angles were selected at that point in the time series. For example, during a flexion trial (flexion being the primary motion), three maximum flexion angles were located and recorded. The magnitudes of the abduction and external rotation angles were then recorded at the point in the time series. This procedure was followed for each of the three primary motions in each condition. Peak values were then averaged within the Ganz, Carlioz, and Tonnis groups to establish quantitative statistics. For the abduction tests, the external rotation values were also averaged within groups to determine whether that motion created excessive external rotation (retroversion) of the fragment.
A one-way ANOVA (P , 0.05) was used to compare the three surgical conditions across the different tests. When significant values were found, a Tukey post hoc analysis was conducted to determine the location of significant differences.
RESULTS
The results for the freedom of motion tests are shown in Table 1 with means and standard errors. For tests of the primary motion, the Ganz procedure allowed significantly greater (P , 0.01) flexion ROM (58.2 6 3.3 degrees) than the Carlioz (18.2 6 0.7 degrees) and the Tonnis (41.2 6 1.8 degrees) techniques. The Tonnis technique was also significantly greater (P , 0.01) than the Carlioz technique in flexion. The Ganz procedure produced significantly greater (P , 0.01) abduction motion (17.6 6 1.8 degrees) than either the Carlioz (3.4 6 0.2 degrees) or Tonnis (6.7 6 0.4 degrees) techniques, which were statistically similar. The Ganz procedure produced statistically equivalent external rotation (16.1 6 1.1 degrees) when compared with the Carlioz (10.1 6 0.6 degrees) and Tonnis (17.3 6 1.2 degrees) procedures. However, the Tonnis technique was significantly greater than the Carlioz technique (P , 0.03).
The amount of external rotation created during abduction tests was also evaluated to determine whether attempts to gain lateral coverage may induce acetabular retroversion ( Table 2 ). The Tonnis procedure attained an average internal rotation (21.4 6 0.7 degrees); this was significantly lower than both the Ganz (7.8 6 1.2 degrees) and Carlioz (4.0 6 0.9 degrees) techniques, which were statistically similar for magnitudes of external rotation during abduction tests. These data show that when the surgeon attempts to achieve lateral coverage, some amount of external rotation may also occur.
DISCUSSION
While maximum angles for each rotation were achieved during the desired trials, these motions also created motions about the other axes. These coincident rotations may be called ''coupled motions'' since the maximum for each angle occurs at the same point in time (Fig. 4) . Coupled motions were most prominent in the Carlioz technique, likely because of the insertion angle and restriction of the sacrospinous ligament. Intraoperatively, the effects of fragment rotation in one plane may not be well appreciated in the other planes. It is therefore important for the surgeon to be aware of this coupling effect.
While maximum motion was achieved with the Ganz osteotomy, surgical alternatives exist for a number of reasons, namely preservation of the triradiate cartilage and surgeon familiarity. However, if these alternatives do not generate the desired 20 degrees of anterior and lateral femoral head coverage, then their suitability must be questioned. These data show that the Tonnis technique, where the sacrospinous ligament is resected, may not generate the same maximal angular range of motion as a Ganz procedure, but it comes sufficiently close to satisfying the 20-20 rule.
The external rotation created when attempting lateral coverage should not be ignored. For both the Ganz and Carlioz procedures, the amounts of external rotation calculated during abduction tests were statistically greater than that for the Tonnis (Table 2 ). This immediate postoperative external rotation may further be increased in the ensuing protected weightbearing environment.
The positioning of the fragment in external rotation may not be well appreciated using typical radiographic techniques. The clinical interpretation of these data may be that preoperative three-dimensional computed tomography scans may be necessary to determine the amount of existing acetabular retroversion. While in surgery, the surgeon may be well served to take multiple radiographs to obtain a clearer understanding of the three-dimensional position of the acetabular fragment prior to fixation. Some authors 6, 10 have emphasized the importance of assessing the anterior and posterior acetabular rim position after osteotomy by use of a plain radiograph taken during surgery. There is growing evidence that acetabular retroversion may predispose to early-onset osteoarthritis 9, 14 ; thus, the surgeon must avoid creating it during surgery. 
